Introduction to glioblastoma (GB) and its management
====================================================

GB is the most common primary brain cancer and among the most lethal, accounting for approximately 1% of all cancer diagnoses and 2% of cancer deaths in the US.[@b1-cpaa-5-001] GB is defined histologically by hypercellularity, necrosis, pleomorphism, vascular proliferation, and pseudopalisading necrosis.[@b2-cpaa-5-001] Its characteristically invasive growth pattern makes a complete surgical resection nearly impossible, therefore requiring the use of adjuvant therapies to prolong survival.

When using anticancer therapies such as radiation and chemotherapy in the central nervous system, clinicians must balance the need to kill malignant cells with the need to preserve normal, functional tissue. Additionally, chemotherapy agents must be able to reach cancer cells, which may reside behind the blood--brain barrier or be impenetrable due to high interstitial pressures. These challenges all contribute to the relative resistance of GB to treatment. Despite many advances, the 5-year survival rate of GB patients is less than 5%.[@b3-cpaa-5-001]

Since chemotherapy first became available in the 1950s, nearly every new class of drug to come to market has been tested in GB patients. The nitrosoureas, a class of small, lipophilic alkylating agents that includes 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU), were the first drugs to demonstrate activity against GB.[@b4-cpaa-5-001],[@b5-cpaa-5-001] These agents add an alkyl group to the guanine residues in DNA, causing crosslinking and preventing replication. Other drugs in this class cause base pair mismatches, which also disrupts replication. Alkylating agents quickly became the backbone of medical glioma therapy, but broad use was limited by relatively severe side effects such as myelosuppression and, in the case of BCNU, pulmonary fibrosis. When compared with radiation, neither added a significant survival advantage.[@b6-cpaa-5-001],[@b7-cpaa-5-001] Therefore, many patients received first-line radiotherapy. Chemotherapy was considered an alternate option, frequently reserved for disease progression.

In the late 1970s, a team of scientists in England synthesized a new class of alkylating drugs, the imidazotetrazinones, which included the compound that would ultimately go on to be called temozolomide (TMZ). The imidazotetrazinones are related to dacarbazine (DTIC^®^), a drug that was widely used for metastatic melanoma in the late 1970s and early 1980s, and also had some success in glioma.[@b8-cpaa-5-001] DTIC is a prodrug that requires enzymatic conversion to its active form, 5-(3-methyltriazen-1yl)-imidazole-4-carboxamide (MTIC). The conversion occurs rapidly in mice, but minimally in humans,[@b8-cpaa-5-001] which probably contributed to its limited clinical efficacy. Because TMZ does not rely on an enzymatic reaction and is converted to MTIC at physiologic pH, it was an attractive alternative to DTIC. TMZ also had the advantage of uniform tissue distribution (including brain) in mouse models, so the compound was advanced to human trials.[@b9-cpaa-5-001] Although it was initially intended for use in melanoma patients, TMZ has become the drug of choice for treatment of GB. This paper will briefly review what is known about the causes of GB, how TMZ is used to treat GB, and how molecular diagnostics impact how TMZ is used to treat GB patients.

Epidemiology and etiology of GB
===============================

The incidence of GB is 3.19/100,000/year in the US.[@b3-cpaa-5-001] Highly developed, industrialized countries appear to have an overall higher incidence than developing nations, but this may be a result of better access to health care and diagnostics. There is a slight gender predilection for men over women (3.99 versus 2.53 per 100,000 person-years),[@b3-cpaa-5-001] though the underlying reason remains unclear. GB is generally a disease of older patients: average age at diagnosis in the US is 64 years.[@b10-cpaa-5-001] Although poor outcome continues to be the rule in GB, age has historically been the most significant prognostic factor. For each additional decade of life at the time of diagnosis there is a statistically significant decrease in survival.[@b11-cpaa-5-001]

Multiple epidemiologic studies have failed to identify major risk factors for developing GB. Small, occupation-specific studies have identified some environmental and lifestyle factors such as exposure to industrial chemicals, eg, formaldehyde, that may be linked to a higher incidence of central nervous system cancers. However, none have been clearly borne out in larger population-based studies.[@b12-cpaa-5-001] Personal habits such as diet, alcohol use, caffeine intake, and nicotine use have been studied, but no clear association with GB has been identified. Multiple studies have also failed to correlate cell phone usage with tumor incidence.[@b13-cpaa-5-001],[@b14-cpaa-5-001] In the past 5 years, the role of cytomegalovirus genes in malignant gliomas has been explored. Although infection with cytomegalovirus is not specifically linked to tumor formation, it has been proposed that cytomegalovirus infection may drive the oncogenic process by modulating growth factor and receptor expression in tumors.[@b15-cpaa-5-001] Nevertheless, like many other purported causes, the GB--cytomegalovirus link remains highly speculative. To date, the only exposure that confers an undeniable increased risk of GB is prior high-dose ionizing radiation. Children treated with radiation therapy for acute lymphoblastic leukemia have a significantly increased risk of gliomas, with up to a 22% excess of central nervous system neoplasms in patients followed for more than 15 years after initial treatment.[@b16-cpaa-5-001]

In addition to environmental exposures, several genetic syndromes, eg, Li--Fraumeni and the neurofibromatoses, are associated with a higher risk of low-grade gliomas and GB. Patients with Li--Fraumeni syndrome carry mutations in TP53, the gene that encodes cell cycle modulatory protein p53. Somatic TP53 mutations can be found in the tumors of patients who initially develop low-grade gliomas that eventually transform into GB (known as secondary GB) over the course of years, presumably as the cells accumulate more progrowth mutations. Secondary GBs make up around 5% of all GBs; therefore, TP53 mutations are neither necessary nor sufficient for GB formation. Primary GBs, or de novo GBs, are frequently but not always associated with mutations in the cell cycle regulatory gene, PTEN.[@b11-cpaa-5-001],[@b17-cpaa-5-001] Numerous additional mutations, eg, epidermal growth factor receptor variant III, have been found with high frequency in GB, but no single, causative genetic mutation has been identified.

Cancer epigenetics, which explores genome-wide expression, silencing, and gene--gene interplay, may ultimately provide more information about the etiology of cancers. One of the first and most important epigenetic markers identified was methylation of the O[@b6-cpaa-5-001]-methylguanine-DNA methyltransferase (MGMT) promoter. The MGMT gene encodes a DNA repair enzyme that may reverse the damage done by alkylating agents, and is associated with better response to the TMZ--radiation combination.[@b18-cpaa-5-001] Genome-wide methylation patterns (as opposed to gene-specific methylation) have been associated with cancer phenotypes in a number of tumors, such as colon, breast, and lung. The GB genome is largely hypomethylated with specific areas of hypermethylation, leading to increased genetic instability, silencing of tumor suppressors (eg, p53 and PTEN), and activation of oncogenes. In 2010, Noushmehr et al identified a glioma --cytosine--phosphate--guanine-- island methylator phenotype after correlating overall methylation patterns with patient characteristics. Patients with such tumors were younger, had a high frequency of IDH1 mutations, and had longer survival.[@b19-cpaa-5-001] This technique, and others used for identifying genome-wide changes, are becoming more affordable, and may soon be used routinely.

Although being able to identify both specific epigenetic and genetic changes in GB has improved the ability to discuss outcomes or predict response to therapy, it has not had a significant impact on treatment for patients. To date, no chemotherapeutic agent has been more successful or efficacious against GB than TMZ.

Pharmacology of TMZ
===================

TMZ is a small (194 Da), lipophilic prodrug that is rapidly metabolized at physiologic pH to its active metabolite, MTIC. MTIC prevents cell division by disrupting normal DNA replication. Addition of a methyl group to the O[@b6-cpaa-5-001] position of guanine in genomic DNA results in the incorporation of a thymine residue opposite O[@b6-cpaa-5-001]-methylguanine instead of the normal cytosine residue. The resulting abnormal guanine--thymine pair leads to a pause in the DNA replication fork and triggers the DNA mismatch repair pathway cell cycle arrest. However, if this repair mechanism is incapable of keeping up with the rate and extent of DNA damage, apoptosis results ([Figure 1](#f1-cpaa-5-001){ref-type="fig"}).[@b20-cpaa-5-001],[@b21-cpaa-5-001]

TMZ is available in an oral and intravenous formulation, with nearly equivalent bioavailability (276 ng/mL intravenous versus 282 ng/mL oral for a 150 mg/m^2^ dose). Therefore, the intravenous formulation is rarely used in clinical practice. Bioavailability of the oral formulation is nearly 100%, with rapid and complete absorption (\<1% fecal elimination), and peak serum concentrations reached within 1--2 hours.[@b22-cpaa-5-001] The kinetics appears the same in patients who have had a gastric bypass.[@b23-cpaa-5-001] Once absorbed, TMZ is only 15% protein bound, limiting its interactions with other common medications used in brain tumor patients, eg, phenytoin, warfarin, and birth control pills.[@b24-cpaa-5-001] As a small, lipophilic molecule, TMZ is known to enter the cerebrospinal fluid with an area under the curve cerebrospinal fluid/plasma ratio of 20%.[@b25-cpaa-5-001] Cerebrospinal fluid penetrance of a drug does not always correlate with its activity in brain parenchyma, but TMZ's efficacy in the clinical setting provides additional evidence that it is accumulating within central nervous system tumors.

Once in plasma, TMZ is converted to MTIC, its active metabolite, by a nonenzymatic chemical degradation process, entirely bypassing the liver, and thereby avoiding interactions with other medications. MTIC is then irreversibly degraded to 4-amino-5-imidazole-carboxamide and a methyldiazonium cation. The methyldiazonium cation transfers its methyl group to DNA, leaving a dinitrogen to be eliminated by the lungs.[@b9-cpaa-5-001] 4-amino-5-imidazole-carboxamide, a natural intermediate in purine synthesis found in normal serum, is excreted by the kidney.[@b26-cpaa-5-001] Because the kidney does not directly excrete more than 5%--6% of TMZ, renal dosing is not routinely used. There is no data available that specifically addresses safety in patients receiving renal dialysis.

Clinical safety, efficacy, and tolerability of TMZ
==================================================

TMZ was first tested in humans in 1992 after animal studies demonstrated even tissue distribution, predictable kinetics, and tolerability. The first Phase I trial included 51 patients, nearly all of who had melanoma.[@b27-cpaa-5-001] The trial confirmed the linear pharmacokinetics seen in animal studies and proposed the 150 mg/m^2^ 5-day on/23-day off dosing schedule that was used in later glioma trials. Myelotoxicity was the dose-limiting side effect, but compared to mitozolomide, an earlier drug of the same class, it was less severe and less frequent. Mild to moderate nausea and vomiting was also dose related, but easy to control with antiemetic medications. This study included only two patients with recurrent high-grade glioma, but both had partial responses by computed tomography scan along with "dramatic clinical improvements."[@b27-cpaa-5-001] These results quickly generated excitement in the neurooncology community, as did the small follow-up study run by the same authors, in which nine of 17 patients with astrocytomas had improvement by computed tomography scan.[@b28-cpaa-5-001]

The Cancer Research Campaign, which funded the Phase I TMZ study above (as well as some preclinical work), went on to support two multicenter Phase II trials using TMZ in recurrent glioma patients. Both studies confirmed TMZ's tolerability profile.[@b29-cpaa-5-001],[@b30-cpaa-5-001] Adverse events were generally not severe, were reversible, and related to those identified in the Phase I trials: thrombocytopenia, leukopenia, fatigue, nausea, and vomiting. There were no deaths attributed to TMZ. Of the 103 patients enrolled in the European study, 47% had disease stability and 11% had an objective radiographic response.[@b29-cpaa-5-001] The US study enrolled 225 patients and compared TMZ with procarbazine, another oral agent that was being used frequently in patients with recurrent GB multiforme.[@b30-cpaa-5-001] Progression free survival was 12.4 weeks in the TMZ group compared with 8.32 weeks in the procarbazine group, with a 6-month overall survival rate for TMZ patients of 60% compared with 44% in the procarbazine group. This study also concluded that freedom from brain tumor progression was associated with better health-related quality of life scores. While an improvement of more than 4 weeks in median progression free survival seems lackluster, these results, in combination with supportive evidence from smaller Phase II trials, were enough to make TMZ the first new drug in 20 years to gain approval for use in glioma patients by both the Food and Drug Administration and European Medicines Evaluation Agency.

Most Phase II trials in the late 1990s used a 5-day on/23-day off dose schedule. Brock et al designed a Phase II study to investigate a prolonged, daily dosing schedule based on the results of their Phase I study. A subset of the patients in the initial Phase I study that progressed through the 5-day on/23-day off dose schedule were transitioned to a daily dose schedule, and had disease stabilization. The primary goal of the study was to establish a dose that could be given concurrently with radiation therapy. At 75 mg/m^2^/day, patients were able to tolerate up to 7 weeks of therapy without grade III or IV hematologic toxicity, thereby allowing the potential combination with radiation therapy for gliomas.[@b31-cpaa-5-001]

In 2002, Stupp et al published the results of their pilot Phase II protocol designed to test the safety and tolerability of concomitant radiation plus TMZ therapy at 75 mg/m^2^/day followed by adjuvant TMZ, dosed 150--200 mg/m^2^ 5 days on/23 days off. During the concomitant phase, there was a modest increase in myelosuppression (6%), but the combination was otherwise well tolerated. The median survival was 16 months, with 58% and 31% survival at 1 year and 2 years, respectively.[@b32-cpaa-5-001] This study was quickly followed by a European Organization for Research and Treatment of Cancer Phase III trial (EORTC 26981), which compared surgery followed by radiotherapy plus concomitant TMZ to surgery followed by radiotherapy alone in GB patients. There was a statistically significant increase in median survival of approximately 10 weeks (12.1 versus 14.6 months).[@b33-cpaa-5-001] In the neurooncology community, there was also excitement about the apparent increase in 2-year survivors in patients receiving concomitant chemoradiation when compared to those receiving radiation alone (26.5% versus 10.4%). Interestingly, in 1998, a Radiation Therapy Oncology Group (RTOG) trial comparing radiation alone to radiation with BCNU or CCNU demonstrated a 23% 2-year survival rate in 40--60 year olds receiving combined therapy.[@b34-cpaa-5-001] However, a significant number of these patients (about 20% in both the CCNU and BCNU groups) had dose-limiting leukopenia, which limited the number of patients who could safely be offered the regimen. Patients receiving BCNU or CCNU also had significant fatigue and nausea. Conversely, adding TMZ to radiotherapy caused no decrease in health-related quality of life,[@b35-cpaa-5-001] which may explain why there was no move to test the Stupp protocol directly against an analogous regimen containing CCNU or BCNU.

Radiation with concomitant TMZ quickly became accepted as the standard of care for newly diagnosed GB patients in Europe and the US. No new cytotoxic agent has been more effective. Since its initial approval, there have been an enormous number of nonrandomized trials testing different dose regimens, including prolonged administration, 7 days on/7 days off, and a "dose-dense" 21-day on/7-day off regimen.[@b36-cpaa-5-001] Some alternate regimens have shown promise, but only one has been tested against the standard regimen in an RTOG Phase III trial. RTOG 0525 compared a dose-dense adjuvant regimen to the standard 5-day regimen and demonstrated no benefit to the alternate dose strategy.[@b37-cpaa-5-001] It is suspected that this will hold true for most alternate dosing regimens.

In general, TMZ is a well-tolerated drug. Fatigue was the most commonly reported adverse event in both the Phase II recurrent anaplastic glioma and Phase III GB trials, with more than 50% of patients reporting this side effect.[@b38-cpaa-5-001] In the Phase III trial, it was severe (grade III--IV) in 13% of patients. Nausea and vomiting were frequent in both trials, but usually easily controlled. However, 16% of patients in the Phase II trial experienced severe and more difficult to control nausea and vomiting. Constipation was also quite common (roughly 20%), but rarely severe. The dose-limiting side effect for TMZ, as for most chemotherapy, is myelosuppression, which usually occurs early, after the first few cycles. In the Phase III trial, grade III--IV thrombocytopenia occurred in 12% of patients and grade III--IV neutropenia and leukopenia occurred in 7% of patients.[@b33-cpaa-5-001] However, it is important to remember that even patients with grade I thrombocytopenia (\<lower limit of normal to 75,000 mm^3^) may experience dose delays in order to recover to a minimum platelet count of 100,000 prior to the next cycle. Rare but life-threatening side effects have been reported since TMZ became more widely used, including anaphylaxis, Stevens--Johnson's reaction, and aplastic anemia.[@b38-cpaa-5-001]--[@b40-cpaa-5-001]

Though the Stupp regimen is more effective and tolerable than prior therapy options, it is not ideal for many GB patients. This is particularly true for patients over 65 years, who have significantly shorter survival than their younger counterparts, even when treated with radiation and chemotherapy.[@b41-cpaa-5-001] Elderly patients are more vulnerable to chemotherapy side effects, such as myelosuppression, mucositis, and neurotoxicity after radiation.[@b42-cpaa-5-001]--[@b44-cpaa-5-001] Elderly patients are also less likely to participate in clinical trials, which makes translating clinical trial results to the general GB population more challenging. The average patient in the Stupp et al trial was 56 years old, while the average GB patient in the US is 64 years old.[@b10-cpaa-5-001] Therefore, clinicians need to consider alternate treatment plans for elderly patients with comorbidities or low performance status. Two recent randomized studies demonstrated that TMZ alone is a reasonable, noninferior option for patients older than 65 years who may not tolerate the combined regimen.[@b45-cpaa-5-001],[@b46-cpaa-5-001] Patients with MGMT promoter methylation had a significant survival benefit when treated on the TMZ arms, but no survival benefit when receiving radiotherapy alone. This suggests MGMT-positive patients who cannot tolerate the combined regimen should receive TMZ rather than radiation.[@b45-cpaa-5-001],[@b46-cpaa-5-001]

Given that the goal of GB therapy is primarily survival prolongation rather than cure, close attention is paid to the impact of therapy on quality of life. As a result, the authors have modified their prescribing practices in order to maximize treatment and minimize side effects in patients. For example, the use of oral ondansetron 1 hour prior to every dose of TMZ is advised as prophylaxis against nausea. Constipation is nearly ubiquitous, so all patients are advised to begin a stool softener, eg, docusate, the same evening they begin TMZ. Concurrent use of ondansetron may aggravate the constipation, and in these cases, prochlorperazine or metoclopramide is used instead. Although liver failure has been seen in association with the conventional dosing strategy, it remains a rare complication. All patients are routinely tested for hepatitis B and C prior to therapy with TMZ because disease reactivation has been seen in patients, which can lead to liver failure. For patients who have had hepatitis B, but are not immune, Epivir^®^ is prescribed to minimize the risk of reactivation. Pneumocystis pneumonia (PCP) prophylaxis during the concomitant TMZ and radiotherapy period is recommended on the package insert. However, retrospective studies exploring the incidence of PCP in GB patients during TMZ therapy found PCP occurred in patients using prolonged, high-dose corticosteroids and those who developed significant lymphopenia (\<500 cells/μL).[@b47-cpaa-5-001],[@b48-cpaa-5-001] Sulfamethoxazole/trimethoprim, the most commonly used drug for PCP prophylaxis, is generally well tolerated but may cause gastrointestinal upset, nausea, and headache in 6%--8% of patients.[@b49-cpaa-5-001] More serious events can occur in 3%--5% of patients receiving the drug, including bone marrow suppression and life-threatening rashes.[@b50-cpaa-5-001] Therefore, for most GB patients, the additional risks of PCP prophylaxis may outweigh the benefits. PCP prophylaxis should be reserved for high-risk patients, ie, those receiving prolonged courses of high-dose steroids or who have lymphocyte counts \<500 cells/μL.

Testing of MGMT methylation status
==================================

One of the strongest predictive biomarkers for response to alkylating agents is MGMT methylation status. The MGMT gene encodes O[@b6-cpaa-5-001]-alkylguanine-DNA alkyltransferase (AGT), the DNA repair enzyme that reverses damage inflicted by TMZ. AGT is a "suicide enzyme" -- one molecule of AGT removes only one alkyl molecule, inactivating itself in a stoichiometric fashion.[@b51-cpaa-5-001] In principle, hypermethylation of -- cytosine--phosphate--guanine -- islands in the MGMT promoter region leads to lower MGMT expression,[@b20-cpaa-5-001] and should enhance the response to alkylating agents by inhibiting DNA repair. Indeed, MGMT promoter methylation is associated with a significantly higher median survival after therapy with TMZ (21.7 months versus 15.3 months in the 2005 Stupp et al trial).[@b18-cpaa-5-001],[@b51-cpaa-5-001]

There are multiple methods being used to test for MGMT promoter methylation status, each with potential benefits and pitfalls. There is no consensus regarding which method is most accurate or most feasible across varying clinical settings (academic hospital versus small community practice). There is general agreement, however, that immunohistochemical staining for MGMT protein expression does not correlate with polymerase chain reaction (PCR)-based methods of detection or overall survival.[@b52-cpaa-5-001],[@b53-cpaa-5-001] Early reports using enzyme activity assays appear to correlate level of activity with level of methylation detected by PCR, but they have not been widely adopted at this time.[@b54-cpaa-5-001],[@b55-cpaa-5-001] Nested, gel-based PCR, real-time PCR (also called quantitative PCR), and DNA pyrosequencing are the most commonly cited techniques. All three sequencing tests utilize the bisulfite reaction as the initial step, where unmethylated cytosine bases are deaminated to uracil, while methylated cytosine bases remain unchanged ([Figure 2](#f2-cpaa-5-001){ref-type="fig"}). Gel-based PCR techniques yield bands of differing intensity on an agarose gel. Results are determined by the human eye: a qualitative, rather than quantitative, method. Gel-based PCR was used and validated by Hegi et al, in conjunction with the 2005 Phase III trial that established TMZ in combination with radiation as the standard of care.[@b18-cpaa-5-001]

The authors' institution uses the gel-based technique outlined above. All GB cases from 2006--2011 consecutively were reviewed, regardless of their treatment course (patients who went directly to hospice were also included), under an Institutional Review Board-approved protocol. Patients with both survival and MGMT data available were identified (n = 129). Forty-five percent were positive for promoter methylation. [Figure 3](#f3-cpaa-5-001){ref-type="fig"} illustrates that MGMT-positive patients in this population had significantly longer overall survival when compared to MGMT- negative patients (32.8 months versus 12.4 months; *P* \< 0.001, log-rank). These results mirror what Hegi et al and others have reported.[@b56-cpaa-5-001],[@b57-cpaa-5-001] Compared to other biomarkers (such as epidermal growth factor receptor overexpression), MGMT promoter methylation status has such a pronounced correlation with survival that it has now become routine at the authors' institution.

While it is clear that MGMT methylation status correlates with longer survival, the frequency of methylation status reported in the literature varies, probably because each laboratory uses a slightly different technique. Primer choice and band intensity guidelines can vary from laboratory to laboratory, and both can affect the results of gel-based PCR. Not surprisingly, there is now a movement towards quantitative methods of measuring MGMT methylation. Real-time PCR detects the number of copies of double-stranded DNA being made from a target sequence in relation to a standard dilution. This technique requires that a numeric cutoff value for MGMT methylation status be established, by choosing a point on the bimodal result curve that delineates a positive or negative test.[@b58-cpaa-5-001] This method was used in the Phase III RTOG 0525 trial comparing standard dose adjuvant TMZ with a dose-dense schedule. Though the trial was negative, it confirmed the predictive significance of MGMT and demonstrated the utility of a single commercial laboratory (PredictMDx™; MDxHealth, Inc, Liege, Belgium) for MGMT testing in clinical trials.[@b37-cpaa-5-001]

Pyrosequencing relies on detecting specific wavelengths of light emitted as each DNA nucleotide is added during PCR. This method is quantitative and also correlates with outcomes.[@b59-cpaa-5-001] Interestingly, Havik et al compared MGMT detection by pyrosequencing and quantitative PCR in a cohort of glioma patients and found that those with discordant results (positive by one, negative by another) had intermediate-length survival, inferring that methylation status is not best described in a bimodal fashion.[@b59-cpaa-5-001] When comparing all three techniques, pyrosequencing may be the most efficient and accurate in high throughput settings, although accessibility may limit its widespread use.[@b60-cpaa-5-001]

At the time of this paper's writing -- because no better alternative first-line therapy to concurrent radiation and TMZ is available to patients with MGMT-negative GB multiforme -- MGMT remains largely a predictive factor, rather than a test on which therapy decisions are based. In certain situations, however, MGMT status can alter therapy. When evaluating magnetic resonance imaging changes in patients who have completed chemoradiation for example, patients with MGMT-positive tumors are more likely to demonstrate pseudoprogression (treatment injury that appears like tumor progression) than patients who are MGMT-negative.[@b61-cpaa-5-001] Therefore, MGMT status, along with positron emission tomography and magnetic resonance perfusion data, plays a role in decision making. In patients with MGMT-positive tumors, changes in the immediate field of radiation and reassuring perfusion imaging are generally treated as pseudoprogression. Alternatively, patients with MGMT-negative tumors with similar appearance in magnetic resonance imaging may be moved more quickly to a second-line therapy. MGMT status also influences clinical decision making in elderly MGMT-positive patients who are less likely to tolerate 6 weeks of concurrent chemoradiation. These patients may benefit from TMZ alone, while MGMT-negative patients may benefit from a 3-week course of radiation therapy rather than standard chemoradiation.[@b45-cpaa-5-001],[@b46-cpaa-5-001]

Future directions
=================

Although there is good evidence that GB patients respond to repeated challenges with TMZ,[@b62-cpaa-5-001] cure occurs rarely, if ever. Not surprisingly, several lines of investigation have sought to enhance TMZ's impact in GB multiforme, including alternate delivery methods and amplifying responses through modulating MGMT.

One strategy to improve the efficacy of TMZ is to increase the effective dose of TMZ the tumor received via alternate delivery mechanisms. Local delivery via wafer or convection-enhanced delivery could theoretically circumvent an intact blood--brain barrier. A polymer wafer (analogous to Gliadel^®^) that combines TMZ with BCNU has been tested in rat models and may be more effective than either agent alone.[@b63-cpaa-5-001] Slow-release microspheres containing TMZ have also been used in animals, but not yet in humans.[@b64-cpaa-5-001] Both of these options would be available to patients with surgical disease and near total resections. PEGylation and targeted nanovesicles are two potential systemic approaches that could increase TMZ delivery to tumor cells while minimizing effects on normal cells. PEGylation is the process of attaching polyethylene glycol to another molecule, which can shield it from degradation or recognition by the immune system, reduce its clearance, and increase the length of time the drug is available in the body. Some investigators are using PEGylation in combination with nanoparticle engineering, to create nanoparticles that avoid the immune system, but can also target tumor cells for drug delivery via a combination of monoclonal antibodies. This strategy has yielded promising results in vitro and in basic animal models, but currently no clinical evidence exists to support this approach.[@b65-cpaa-5-001]--[@b67-cpaa-5-001]

Preventing tumors from developing alkylator resistance is another alternate mechanism of enhancing TMZ's efficacy. O[@b6-cpaa-5-001]-benzylguanine is a purine analog thought to potentiate the action of alkylating agents, including TMZ, by blocking the activity of DNA repair enzyme AGT (the product of the MGMT gene). Although it appears safe, it is not clear that this strategy is effective.[@b68-cpaa-5-001],[@b69-cpaa-5-001] Data from the Phase I trial suggests O[@b6-cpaa-5-001]-benzylguanine's activity is transient, so future directions may include TMZ in combination with a sustained release O[@b6-cpaa-5-001]-benzylguanine.

More recently, some investigators have proposed a strategy that is "opposite" to the O[@b6-cpaa-5-001]-benzylguanine strategy: to intensify treatment by rendering normal, vulnerable tissue more resistant to TMZ's effects. In a pilot study, patients received infused hematopoietic stem and progenitor cells with a mutant MGMT gene that confers resistance to O[@b6-cpaa-5-001]-benzylguanine. This resulted in highly resistant hematopoietic cells that allowed dose intensification, producing promising preliminary results in three patients.[@b70-cpaa-5-001]

Conclusion
==========

In summary, TMZ is a well-tolerated oral chemotherapy that has become the standard of care for GB patients following initial surgery. Alone or in combination with radiation, it increases survival and health-related quality of life. MGMT status can predict response to TMZ, and therefore can help guide treatment decisions, particularly in patients who appear to have early recurrence on magnetic resonance imaging, and in elderly patients who are unlikely to tolerate chemoradiation. Alternate dosing schedules using "more" TMZ do not appear to be beneficial. The addition of drugs that potentiate TMZ's effect or overcome DNA repair mechanisms may improve outcomes in the future.
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![MTIC, the active metabolite of TMZ, adds a methyl group to guanine which causes a base pair mismatch.\
**Notes:** This leads either to repair and continued DNA replication, or programed cell death. AGT, the enzyme that repairs damage caused by TMZ, is a "suicide" enzyme (it can be used only once per mismatch repair) and therefore can be overwhelmed.\
**Abbreviations:** AGT, O[@b6-cpaa-5-001]-alkylguanine-DNA alkyltransferase; MGMT, O[@b6-cpaa-5-001]-methylguanine-DNA methyltransferase; MTIC, 5-(3-methyltriazen-1yl)-imidazole-4-carboxamide; TMZ, temozolomide.](cpaa-5-001f1){#f1-cpaa-5-001}

![The bisulfite reaction is the first step in detection of MGMT methylation status for both gel-based and real-time polymerase chain reaction.\
**Abbreviation:** MGMT, O[@b6-cpaa-5-001]-methylguanine-DNA methyltransferase.](cpaa-5-001f2){#f2-cpaa-5-001}

![MGMT status has a significant impact on overall survival in glioblastoma patients.\
**Abbreviation:** MGMT, O[@b6-cpaa-5-001]-methylguanine-DNA methyltransferase.](cpaa-5-001f3){#f3-cpaa-5-001}
